1. Introduction {#sec1}
===============

The wound healing and the repair of other connective tissues like tendon or cartilage, are important though complicated processes that can be impaired by age or by diseases such as diabetes, obesity or hypertension ([@bib48]; [@bib47]; [@bib23]; [@bib18]; [@bib60]; [@bib62]; [@bib1]). The incidence of the connective tissue injuries is high and the treatments for the repair of these tissues present significant financial and resource burden to the health care system ([@bib14]; [@bib23]; [@bib60]; [@bib62]). Thus, strategies that improve the repair of these tissues and mainly improve their functional recovery are of extreme importance.

Phototherapy has been the focus of several studies in the treatment of different adverse health conditions, and Light Emitting Diode (LED) represents a therapeutic option because of its potential in modulating reactions in biological tissues ([@bib11]). The photons emitted by LED irradiation are absorbed by specific cellular photoreceptors, initiating several intracellular reactions, which lead to changes in membrane potential, O~2~ consumption and RNA and DNA synthesis ([@bib50]; [@bib3]). These events contribute to the therapeutic effects of LED irradiation demonstrated in the repair of some tissues, such as muscle, skin, tendon, and periodontium ([@bib11]; [@bib8]; [@bib37]; [@bib41]). Despite benefiting tissue repair, the therapeutic potential of LED irradiation is still controversial due to the divergence of protocols used ([@bib64]).

*In vitro* data from [@bib53], show that low intensity 635 nm diode laser irradiation inhibits NIH/3T3 fibroblasts differentiation in myofibroblasts induced by TGF-β1, decreases expression of type I collagen, upregulates matrix metalloproteinases (MMP)-2 and MMP-9. As for red LED irradiation, it can inhibit fibroblast proliferation in a dose-dependent manner ([@bib29]) through mitochondrial modulation and other intracellular processes ([@bib35],[@bib36]). The visible light may further influence fibroblast migration through the PI3K/Akt and MAPK/ERK pathways ([@bib20]; [@bib9]), or through reactive oxygen species (ROS) levels modulated by the dose of energy used ([@bib33],[@bib34]).

Adipose-derived mesenchymal stem cells (ASC) have therapeutic potential in regenerative medicine, and are considered a tool for the replacement of dead or damaged cells, thus contributing to tissue repair or regeneration of tissue ([@bib38]). They present immunomodulatory and paracrine effects, as well as the ability to differentiate into multiple cell lines ([@bib4]; [@bib38]). During tissue repair, ASC have shown promising effects on the repair of skin, cartilage, bone, muscle, tendon, among many other tissues ([@bib4]; [@bib10]; [@bib19]; [@bib16]; [@bib21]; [@bib30]; [@bib45]). However, ASC paracrine effects are not completely known.

Considering that phototherapy and cellular therapy with ASC are promising therapeutic modalities for tissue repair, we hypothesized that red LED irradiation could stimulate paracrine secretion of ASC, contributing to the activation of genes and molecules involved in cell migration and tissue repair. Thus, the objective of this study was to evaluate the effects of red LED irradiation on fibroblasts in ASC co-culture in the scratch assay.

2. Materials and methods {#sec2}
========================

2.1. Isolation of ASC and cell culture {#sec2.1}
--------------------------------------

Adipose tissue was obtained from the inguinal region of male Wistar rats (n = 6) aged between 90-120 days, obtained from the Animal Experimentation Center (CEA) of the Hermínio Ometto Foundation University Center -- FHO/UNIARARAS. The rats were euthanized using anesthetics overdose of Ketamine (270 mg/kg) and Xylazine (36 mg/kg). According to ([@bib63]), with some modifications, adipose tissue was cut and washed in Dulbecco\'s modified phosphate buffered saline solution (DMPBS Flush, Nutricell Nutrientes Celulares, Campinas, São Paulo, Brazil) containing 2% streptomycin/penicillin. Then, 0.2% collagenase (Sigma- Aldrich® Inc., St. Louis, MO, USA) was added to induce extracellular matrix (ECM) degradation, which is composed by loose connective tissue highly vascularized and innervated, and the solution was maintained at 37 °C under gentle stirring for 1 h to separate the stromal cells from primary adipocytes. Dissociated tissue was filtered using cell strainers (40 μm) and the inactivation of collagenase was then done by the addition of an equal volume of Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 15% fetal bovine serum (FBS), followed by centrifugation at 417 g for 10 min. The suspending portion containing lipid droplets was discarded and the pellet was resuspended in DMEM (containing 50 mg/L penicillin and 50 mg/L streptomycin) with 15% FBS and transferred to 75 cm^2^ bottle, maintained at 37 °C with 5% CO~2~ until the 5^th^ passage (5P). ASC were characterized by flow cytometry and cell differentiation assay. The animal procedures were approved by the Animal Use Ethics Committee (CEUA) of the University Center of Hermínio Ometto Foundation - FHO/UNIARARAS, under number 049/2016.

2.2. Flow cytometry for ASC characterization {#sec2.2}
--------------------------------------------

ASC at 5P were trypsinized and centrifuged at 1,800 rpm for 10 min and counted using the Neubauer chamber. 1 × 10^6^ ASCs were resuspended in 200 μL of DMPBS Flush with 2% BSA (bovine serum albumin) and the following antibodies were used: CD90-APC (eBioscience®, San Diego, CA, USA), CD105-PE (BD-PharmingenTM, San Diego, CA, USA) and CD45-FITC (eBioscience®, San Diego, CA, USA) ([@bib13]). Subsequently, ASC were washed twice with 500 μL of DMPBS Flush and centrifuged at 2,000 rpm for 7 min. The ASCs were resuspended in DMPBS Flush with 2% BSA, following by the flow cytometry analysis.

2.3. *In vitro* osteogenic and adipogenic differentiation of ASC {#sec2.3}
----------------------------------------------------------------

ASC at 5P (2 × 10^4^) were plated onto 12-wells plate and with \~80% confluency, then were cultured using different mediums for osteogenic (n = 4) and adipogenic differentiation (n = 4). Osteogenic differentiation: DMEM medium supplemented with 8% FBS, 200 μmol/L of ascorbic acid, 10 mmol/L of β-glycerophosphate and 0.5 μmol/L of dexamethasone. Adipogenic differentiation: DMEM medium supplemented with 15% FBS, 10 μg/mL de insulin, 100 μmol/L de indometacin (Sigma-Aldrich® Inc.) and 1 μmol/L dexamethasone. The mediums were replaced twice a week, during 30 days, and followed for the Alizarin Red-S (0.2%) and Sudan IV (1%) staining ([@bib7]).

2.4. Experimental groups and red LED therapy {#sec2.4}
--------------------------------------------

Four experimental groups were established: F (NIH/3T3 fibroblasts), FL (NIH/3T3 fibroblasts + red LED application), FC (NIH/3T3 fibroblasts + ASC co-culture), and FLC (NIH/3T3 fibroblasts + ASC co-culture + red LED application).

The NIH/3T3 fibroblasts (23--25P) were plated at a density of 1 × 10^4^ per well (for groups F and FL) in 24-well culture plates. Then, the ASC (5P) were added at a density of 5 × 10^3^ (for the FC and FLC groups) per well, followed by incubation with culture medium, DMEM supplemented with 15% FBS, under a humid atmosphere at 37 °C containing 5% CO~2~ for cell adhesion. After approximately 70% confluence, the scratch assay was performed using a pipette tip p1000, which was slid all the way through the median well of the previously demarcated well, creating a \"scratch\" on the cell monolayer. The cultures were washed with DMPBS to remove cell debris and kept in for 24h (for the establishment of the time of LED irradiation) or during 4 days according to the F, FL, FC and FLC groups.

For LED therapy, three different energy densities were analyzed to determine the application dose using the Biotable apparatus (type: Red LED LXM2-PD010040; and source: Luxeon. Equipment developed at the University of São Paulo, São Carlos Institute of Physics, Optics group, Technological Support Laboratory -- LAT, São Carlos, SP, Brazil), with a power density of 0.0052 W/cm^2^. Thus, the three energy densities, analyzed by the cell viability test were 0.2 J/cm^2^ for 40s, 1.45 J/cm^2^ for 5min6s and 2.91 J/cm^2^ for 9min33s, 24h after LED irradiation, as a study by [@bib5]. Energy density was calculated by the formula: ENERGY DENSITY = POWER DENSITY (W/cm^2^) X TIME (s).

As a result of the cell viability test ([Figure 2](#fig2){ref-type="fig"}A), the application of the 635 nm red LED irradiation was established at a time of 5min6s. The FL and FLC groups received the application of the red LED irradiation from day 0 to the 3^rd^ day after scratching, followed for collection 24 h after the last application (day 4). The samples were analyzed for cell viability, qRT-PCR, Western blotting and zymography.

2.5. Cell viability assay by MTT test \[3-(4,5- dimethylthiazole-2)-2,5- diphenyltetrazolium bromide\] {#sec2.5}
------------------------------------------------------------------------------------------------------

For groups F and FL, NIH/3T3 fibroblasts were plated in sextuplicate at 1 × 10^4^ density per well in 24-well culture plates. Then, for the FC and FLC groups, the ASC were added at a density of 5 × 10^3^ per well and incubated with culture medium under a humid atmosphere at 37 °C containing 5% CO~2~ for 24h. After this period, the scratch assay was performed and the cultures were maintained until the 4^th^ day. Control wells were included: 1) only culture medium to be considered as "blank" in absorbance reading; 2) positive controls (Group F) with culture medium and NIH/3T3 fibroblasts (1 × 10^4^ cells per well), used as normalizer for the values of FL, FC and FLC groups; 3) negative controls with 50% DMSO (dimethylsulfoxide) added to the complete culture medium. On the 4^th^ day, after the removal of the complete culture medium from each well, 180 μL DMEM medium without phenol red and 20 μL of 0.5% MTT (Sigma-Aldrich, St. Louis, MO, USA) in DMPBS (5 mg/mL) were added and incubated for 4h protected from light in a 37 °C stove containing 5% CO~2~ ([@bib65]; [@bib24]). After MTT removal, 200 μl DMSO was added to the wells. The absorbance in each well, including blanks, was measured at 570 nm in a microplate reader. For cell viability calculation, the following formula was used: CELL VIABILITY (%) = (Sample Absorbance/Positive Control Absorbance) x100.

2.6. Quantitative real-time polymerase chain reaction (qRT-PCR) {#sec2.6}
---------------------------------------------------------------

Each sample was collected from a 24-well plate, totaling 4 samples per group. The RNA extraction was performed using RNeasy Plus Mini Kit, according to the manufacturer\'s instructions (Qiagen®, cat. code: 74134). RNA concentration was estimated using the Evolution ™ 300 UV-VIS spectrophotometer, 260 nm wavelength and SoftwareOrigin® Pro 8. Sample quality was calculated by the absorbance ratio at 260 and 280 nm. From 2μg RNA, cDNA synthesis was performed using the QuantiNova Reverse Transcription kit (Qiagen®, cat. code: 205411).

The qRT-PCR (triplicates) was performed in a thermocycler (Mx3005P, Stratagene) using cDNA (100 ng), QuantiNova SYBR Green PCR kit (Qiagen®, cat. code: 208052) and primers (5 pmol, [Table 1](#tbl1){ref-type="table"}); applying the following settings: 1 cycle at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. For the relative quantification, we employed the formula 2^-ΔΔCt^ ([@bib61]) with *rplp0* as the reference gene.Table 1Primers used in qRT-PCR.Table 1RNA *Template*Gene access bank \#*Forward* primer (5′-3′)*Reverse* primer (5′-3′)*Ctgf*NM_022266.2CAGGCTGGAGAAGCAGAGTCGTCTGGTGCAGCCAGAAAGCTCAA*Reck*NM_001107954.1AGAGGTCAGGCTTTAAACCACTTGGAACGGAAGCATGGCTAACAC*Rplp0*NM_022402.2AGGGTCCTGGCTTTGTCTGTGGAGCTGCAGGAGCAGCAGTGG[^1]

2.7. Extraction and dosage of total proteins {#sec2.7}
--------------------------------------------

For total protein extraction, 50 μL of Tissue Protein Extraction Reagent 78510 - Thermo Fisher Scientific (T-PER™) reagent with protease inhibitor cocktail - 04693159001 SIGMA®) was added at a ratio of 1: 7 to each cell sample (4 samples per group, each from three wells) after trypsinization ([@bib30]). Then, the samples were homogenized with sonicator for 90 s in an ice bath. After the centrifugation of the samples at 12,000 rpm and 4 °C for 20 min, the supernatant was collected for protein dosage by the Biuret method (Protal colorimetric method, Laborlab, São Paulo, Brazil), followed by Western blotting and zymography.

2.8. Western blotting {#sec2.8}
---------------------

50 μg of each sample were incubated at 100 °C for 5 min in 20% volume of Laemmli Buffer (0.1% bromophenol blue, 1 mol/L sodium phosphate, 50% glycerol, 10% SDS). For electrophoretic race, a volume corresponding to 50 μg of protein in biphasic gel: stacking gel (4 mmol/L EDTA, 2% SDS, 750 mmol/L base Trisma, 6.7 pH) and resolution gel (4 mmol/L EDTA, 2% SDS, 50 mmol/L base Trisma, 6.7 pH). The race was performed at 90 V for approximately 2 h with Running Buffer (200 mmol/L base Trism, 1.52 mol/L glycine, 7.18 mmol/L EDTA and 0.4% SDS), diluted 1:4. Samples were transferred to PVDF membranes (Immun-Blot®; BioRad Laboratories, Inc., Hercules, CA, USA) for 2 h at 120 V on ice, bathed with Transfer Buffer (25 mmol/L base Trism, 192 mmol/L glycine). After transfer, the membranes were blocked with bovine albumin in basal solution for 1:30 h at room temperature. Then, the membranes were washed three times for 10 min with basal solution and incubated overnight under shaking at 4 °C with basal solutions plus 3% serum bovine albumin containing the following primary antibodies: TGF-β1 (transforming growth factor beta-1, sc-52893, 1:200), VEGF (sc-53462, 1:200), collagen I (C2456-Sigma, 1:2,000), collagen III (C7805-Sigma, 1:4,000), tenomodulin (SAB2108237-Sigma, 1:500) and β-actin (sc-47778, Santa Cruz Biotechnology, California, CA, USA, 1:100). Subsequently, the membranes were washed three times for 10 min with basal solution and then incubated under agitation for 2 h in a solution containing the following secondary antibodies: goat anti-mouse IgG1-HRP: sc-2060, 1:1,000 (TGF-β1, VEGF, collagen I, collagen III and β-actin), and *mouse anti-rabbit* IgG-HRP: sc-2357, 1:10,000 (tenomodulin). Membranes were washed with basal solution and incubated for 1 min with Thermo Scientific®chemiluminescent reagents and exposed to the Syngene photodocumentator (G: BOX) for documentation. The intensity of the bands was evaluated by densitometry through the ImageJ program (NIH, USA).

2.9. Zymography for MMP-2 and MMP-9 {#sec2.9}
-----------------------------------

Samples from total extract containing 1 μg of proteins were run through polyacrylamide gel electrophoresis (10%) containing 0.1% gelatin, as described in ([@bib2]). After electrophoresis, the gels were washed and stained with Coomassie Brilliant Blue R-250. The intensity of the isoform bands in each group was determined by the ImageJ program (NIH, USA).

2.10. Cell migration assay {#sec2.10}
--------------------------

Scratch images were documented daily using inverted microscope (Carl Zeiss - Primo Vért) and Microscope Software ZEN 2012 blue edition. Five wells per group were used, and images were captured in 3 regions (one central and two peripheral) of each well, to analyze cell migration towards the scratch. Images were captured on day zero and were used to measure the scratch size (cm) to obtain the mean value (cm) of its length. This average was used to cut the images from the 1^st^, 2^nd^, 3^rd^ and 4^th^ days, in order to isolate only cells that migrated to the scratch area. After the photos' standardization, cells were counted only from the scratch area using the ImageJ program (NIH, USA).

2.11. Statistical analysis {#sec2.11}
--------------------------

Data from the different groups were analyzed using One-way ANOVA (analysis of variance) test, followed by Tukey\'s test (p \< 0.05), using GraphPadPrism® software version 3.0 (GraphPad Software, San Diego, CA, USA). The values were represented by the mean ± standard deviation.

3. Results {#sec3}
==========

3.1. Adipogenic and osteogenic differentiation of ASC {#sec3.1}
-----------------------------------------------------

ASC (5P) stained with Sudan IV (1%) and Alizarin Red-S (0.2%) exhibited intracellular lipid droplets and calcium deposition in the extracellular matrix ([Figure 1](#fig1){ref-type="fig"}A-C).Figure 1(A) Adipogenic differentiation of ASC (5P) evidenced by intracellular lipid droplets (arrow) stained with Sudan IV, and (B) osteogenic differentiation evidenced by extracellular calcification points (arrow) stained with Alizarin Red-S. (C) Undifferentiated ASC (arrow). (D) Histograms showing the x-axis fluorescence scale considered positive when the cell peak is above 10^1^ (CD90), 10^2^ (CD 105) or 10^1^ (CD45), and controls for -APC, -PE and -FITC, corresponding to non-marked cells due very low fluorescence (in blue). (E) Flow cytometry of ASC (5P): Observe high expression of CD90, CD105 markers and low expression of CD45. Values represented by the mean ± standard deviation.Figure 1

3.2. ASC characterization {#sec3.2}
-------------------------

High expression of CD90 (75.50 ± 2.96) and CD105 (53.77 ± 1.26) markers and low expression of CD45 (37.60 ± 1.80) ([Figure 1](#fig1){ref-type="fig"}D-E) were observed.

3.3. Cell viability {#sec3.3}
-------------------

To determine the energy density and exposure time of the red LED irradiation, the times of 40s, 5min6s and 9min33s were tested. The cell viability test after 24h of the red LED irradiation showed no significant differences between the different times ([Figure 2](#fig2){ref-type="fig"}A). Then, the intermediate energy density setting (1.6 J/cm^2^, 5min6s) was employed in the following experiments.Figure 2(A) Cell viability analysis of FL group 24h after application of 3 different times: 40s, 5min6s and 9min33s. Observe no differences between the times analyzed. Dashed line represents positive control (B) On the 4^th^ day after the scratch, no differences were observed between the groups. Values represented by the mean ± standard deviation.Figure 2

On the 4^th^ day after the scratch ([Figure 2](#fig2){ref-type="fig"}B), no differences in cell viability (NIH/3T3 fibroblasts) were observed between groups (**F:** 100.00; **FL:** 98.37 ± 21.19; **FC:** 90.28 ± 10.28; and **FLC:** 85.27 ± 7.28).

3.4. *Reck* and *Ctgf* gene expression {#sec3.4}
--------------------------------------

No differences in *Reck* expression were observed between the groups (**F:** 1.08 ± 0.56; **FL:** 0.90 ± 0.96; **FC:** 1.49 ± 0.86; e **FLC:** 1.05 ± 0.57) ([Figure 3](#fig3){ref-type="fig"}). *Ctgf* expression was increased only in **FC** (10.02 ± 5.45) compared to group **F** (1.33 ± 1.07) ([Figure 3](#fig3){ref-type="fig"}).Figure 3qRT-PCR for *Reck* and *Ctgf* expression: note higher *Ctgf* expression in group FC compared to group F. a = equals letters indicate significant differences between groups (p \< 0.05). Values represented by the mean ± standard deviation.Figure 3

3.5. Quantification of TGF-β1, VEGF, tenomodulin, collagen types I and III {#sec3.5}
--------------------------------------------------------------------------

In [Figure 4](#fig4){ref-type="fig"}, a higher amount of VEGF was demonstrated by band densitometry in **FC** (228.2 ± 22.61) compared to **F** (133.0 ± 17.75), **FL** (158.7 ± 38.95) and **FLC** (150.3 ± 32.27). No differences were observed in the amount of TGF-β1 between **F** (154.5 ± 38.8), **FL** (179.7 ± 23.24) and **FC** (208.6 ± 48.72), being the TGF-β1 not detected on **FLC**. Regarding tenomodulin, **FC** presented higher value (521.5 ± 74.35) when compared to the other groups (**F:** 169.5 ± 52.52; **FL:** 143.7 ± 34.40; e **FLC:** 250.6 ± 24.70). No differences were observed in the amounts of collagen types I (**F:** 150.9 ± 24.05; **FL:** 169.0 ± 32.79; **FC:** 157.2 ± 16.84; and **FLC:** 186.4 ± 8.86) and III (**F:** 184.0 ± 28.68; **FL:** 190.6 ± 22.93; **FC:** 150.4 ± 31.50; and **FLC:** 170.1 ± 29.13) between the groups.Figure 4Western blotting and band densitometry for VEGF, TGF-β1, tenomodulin and collagen types I and III. a, b, c, d = equal letters indicate significant differences between the groups (p \< 0.05). Values represented by mean ± standard deviation (see supplemental data).Figure 4

3.6. MMP-2 and MMP-9 activity {#sec3.6}
-----------------------------

For analysis of MMP-2 and MMP-9 ([Figure 5](#fig5){ref-type="fig"}A-C), no MMP-9 isoform (latent and active) was observed. Regarding MMP-2, latent (72 kDa) and active (62 kDa) isoforms were observed in all groups analyzed, but with no differences between them.Figure 5Zymography for MMP-9 and MMP-2: note the absence of MMP-9 and the presence of latent (72 kDa) and active (62 kDa) isoforms of MMP-2 (A). Band densitometry represented in the graphics (B and C), showing no differences between groups. Values represented by mean ± standard deviation.Figure 5

3.7. Cell migration {#sec3.7}
-------------------

No differences between groups were observed on the 1^st^ day ([Figure 6](#fig6){ref-type="fig"}A-B). On the 2^nd^ and 3^rd^ days, **FC** (132.3 ± 44.34 and 214.7 ± 91.71 respectively) had a higher number of cells in the scratch region when compared to **F** (56.0 ± 28.11 and 117.8 ± 73.61) and **FL** (57.8 ± 32.34 and 115.4 ± 49.98). On the 4^th^ day, the highest number of cells in the scratch region was observed in **FC** (365.4 ± 103.60) compared to all groups (**F:** 283.1 ± 100.10; **FL:** 202.3 ± 72.54; e **FLC:** 147.7 ± 51.53), with total scratch closure, followed by group F which presented higher migration compared to groups FL and FLC.Figure 6(A) Cell migration analysis: scratch cell count. Note a marked difference for the FC group between the 2^nd^ and 4^th^ days, in relation to groups F, FL and FLC. a, b, c, d, e, f, g, h, i = equal letters represent significant differences between groups (p \< 0.05). Values represented by the mean ± standard deviation. (B) Representative images of cell migration for scratch closure on days 0, 1, 2, 3 and 4 of all groups. Migration of NIH/3T3 fibroblasts (red arrow) and ASC (yellow arrow) in the FC and FLC groups. Note that the FC group presented higher migration between the 2^nd^ and 4^th^ days compared to the other groups, with total scratch closure. In addition, a lower amount of ASC was observed in the scratch region in the FLC group compared to the FC group between the 2^nd^ and 4^th^ days.Figure 6

4. Discussion {#sec4}
=============

Our results showed that the red LED irradiation for 5min6s did not alter cell viability, and it decreased cell migration on the 4^th^ day. [@bib28] demonstrated a molecular mechanism involved in the stimulatory effect on cell proliferation of LED irradiation (415, 525, 660 and 830 nm), through direct stimulation of the Wnt/β-catenin and ERK signaling pathway dependent of the energy level (1, 3, 5, or 10 J/cm^2^). Also, through the increase in the expression of signaling molecules (β-catenin, p-GSK3β, and Lef1) of the Wnt/β-catenin pathway after red LED irradiation (655 nm), higher cell proliferation was observed in an *in vitro* culture model ([@bib22]). Although speculative, it is possible that the parameters of the LED irradiation used in the present study was not able to activate this signaling pathway, or inhibited it.

Corroborating to our results of cell migration, data from [@bib36] demonstrated that the red LED irradiation (633 nm) inhibited the speed of fibroblast migration *in vitro*, through modulation of the phosphoinositide 3-kinase (PI3K)/Akt pathway. In other study, it was showed that blue LED inhibited adult human skin dermal fibroblast migration speed, and this effect was associated with increased ROS generation in a dose-dependent manner ([@bib33]). Green LED (530 nm) irradiation directed the human orbital fat stem cells to migrate away from the LED light source through activation of extracellular signal-regulated kinases (ERK)/MAP kinase/p38 signaling pathway([@bib44]). In addition, blue LED had an inhibitory effect on migration of cancer cells via phosphorylation of p38 MAPK *in vitro* and *in vivo*, with involvement of MMP-2 and MMP-9 inhibition ([@bib42]). Our data did not show differences in the amount of MMP-2 after red LED irradiation in both FL and FLC groups, excluding the participation of this enzyme involved in the phosphorylation of p38 MAPK. In contrast, the literature reports the promising effect of red LED irradiation (0.5--50 J/cm^2^ of energy density) on the healing processes due to its role in increasing cell viability and proliferation, including fibroblasts ([@bib58]; [@bib59]; [@bib57]; [@bib43]). According to [@bib17], LED promotes wound healing by inducing migratory and proliferative mediators, especially leptin, IL-8 and VEGF. Although the literature describes several molecular signaling pathways, our data does not allow us to describe the signaling pathways possibly inactivated by the effects of red LED irradiation during cell migration. But as described below, it is possible to indicate the participation of *Ctgf* and TGF-β1.

Our data demonstrated that the LED irradiation may have inhibited fibroblast signaling-induced differentiation of the ASC, since no tenomodulin was observed in the FLC group ([@bib54]). Tenomodulin is a type II transmembrane glycoprotein used as a cell marker of tenocytes ([@bib55]), which also acts on type I collagen fibrillogenesis ([@bib12]). Tenomodulin may also act in the control of cell differentiation and stemness ([@bib40]). Though no inhibitory mechanism was demonstrated by [@bib46], this study corroborates our results because showed no action of red LED on differentiation induction of a kind of mesenchymal stem cells (bone marrow stem cells) in normal media.

Regarding fibroblasts in direct ASC co-culture, total scratch closure was observed on the 4^th^ day, due to the modulating effect of ASC which favored cell migration. Corroborating our findings, *in vitro* studies have shown that ASC increase the migration of keratinocytes, fibroblasts and vascular endothelial cells ([@bib39]; [@bib25]; [@bib67]; [@bib15]). Data from [@bib27] demonstrated the effects of conditioned medium of ASC on increased migration of human dermal fibroblasts in the *in vitro* healing model, as well as in reducing wound size in *in vivo* healing model. Possible signaling pathways can be involved in the largest cell migration observed in our results due to ASC co-culture. These signaling pathways can be regulated by *Reck* ([@bib31]), as for the Fibromodulin (FMDO)-TGFβ1-MMP-2 and FMDO-TGFβ1-CTGF ([@bib68]). Considering there was no difference between the groups F, FL and FC regarding the expression of *Reck*, TGF-β1 and MMP-2, our data point to the possible involvement of the FMDO-TGFβ1-CTGF pathway, due to the higher *Ctgf* expression in the FC group. With the combination of the LED and the ASC co-culture, there was a marked decrease in cell migration compared to the FC group, indicating that the LED irradiation interfered on the action of ASC.

Our results showed no effect of the red LED irradiation and of the ASC alone on the amount of TGF-β1, corroborating to no variation in the amount of collagen types I and III. In contrast, a study of [@bib56] using blue LED (420 nm) showed that the TGF-β1 amount was significantly inhibited after irradiation. TGF-β1 is a central modulator also during proliferation and tissue healing processes, also stimulating the deposition of major ECM molecules, such as some types of collagen ([@bib40]). [@bib51] observed that mesenchymal stem cells from the retropatellar fat pad in swine anterior cruciate ligament fibroblasts co-culture stimulated gene expression of collagen *in vitro*. [@bib27] demonstrated that human dermal fibroblasts grown in ASC conditioned medium showed increased expression of collagen types I and III. Regarding the effects of LED application on collagen content, the literature describes inhibitory and stimulatory effects of LED. [@bib26] demonstrated that the red LED irradiation (625--635 nm) stimulated collagen synthesis in fibroblast culture. Studies by [@bib36] and [@bib32] showed that red LED irradiation (633nm) inhibited collagen production *in vitro*. When associated the ASC co-culture and the red LED irradiation, surprisingly TGF-β1 was not detected, indicating another molecule for stimulation of collagen synthesis in the FC group, since the amount of collagen types I and III remained similar to other groups.

A higher amount of VEGF was observed in the FC group in relation to the other groups. Corroborating to our findings, studies describe the role of ASC in angiogenesis through VEGF secretion ([@bib52]; [@bib6]). When red LED irradiation was associated with ASC, our data showed a lower amount of VEGF indicating that LED decreased the vascular potential of ASC. [@bib66] also demonstrated that red LED irradiation (650 nm) attenuated the elevation of VEGF expression in HeLa cell implanted BALB/c mice. However, data from [@bib49] using the red LED irradiation, although with different parameters than that used in the present work, demonstrated its beneficial effects on the vascularization potential of stromal vascular fraction (SVF), the heterogeneous cell population including the ASC.

The literature is contradictory regarding the biological effects of the red LED irradiation because of different parameters that were employed, such as the energy density and of cell type ([@bib58]; [@bib26]; [@bib66]; [@bib59]; [@bib17]; [@bib46]; [@bib57]; [@bib43]; [@bib36]; [@bib28]; [@bib32]; [@bib22]). In the present study, considering that no differences were observed in the cell viability using 0.2, 1.45 and 2.91 J/cm^2^, an intermediate energy density of 1.45 J/cm^2^ was used. A stimulatory response of the LED was expected especially in the ASC co-culture, since some studies demonstrate beneficial effects of red LED with energy density between 0,5--50 J/cm^2^ ([@bib58]; [@bib59]; [@bib57]; [@bib43]). However, our hypothesis was not supported by the results because the red LED irradiation decreased the healing response of ASC. An inhibitory effect of the LED irradiation associated with ASC co-culture was observed due the reduction of the amount of TGF-β1, VEGF and tenomodulin, possibly involved in the reduced cell migration. In turn, the ASC alone seem to have modulated fibroblast behavior by increasing *Ctgf*, VEGF and tenomodulin, leading to greater cell migration. Still aiming to show a stimulatory LED irradiation effect, other red LED energy densities were not tested and may be considered a limitation of the present study.

In conclusion, red LED and ASC therapy can have independent effects on fibroblast wound healing, but the combination of both does not have a synergistic effect. Therefore, future studies with other parameters of red LED associated with ASC should be tested aiming clinical application for tissue repair.
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[^1]: *Reck* (reversion-inducing cysteine-rich protein with Kazal motifs); *Ctgf* (connective tissue growth factor); *Rplp0* (Ribosomal Protein Lateral Stalk Subunit P0).
